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A flexible, hollow glass fiber is proposed as a delivery medium of femtosecond pulses. It was shown
that ultrashort pulses with a pulse width of 196 fs, energy of 700 mJ, and repetition rate of 1 kHz
are transmitted by the hollow fibers with no damage on the fiber. In the fiber with an inner diameter
of 1 mm, the transmission loss is as low as 0.13 dB and the pulse broadening after transmission in
1 m long fiber is 17 fs. It is also shown that the numbers of transmitted modes in the fiber are
estimated from the pulse broadening width. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1425070#Applications using femtosecond laser pulses have been
rapidly expanded in industry and medical fields. In these
applications, one sometimes needs a flexible beam delivery
system to radiate a remote target. However, a conventional
silica-glass fiber is not useful for the delivery of ultrashort
pulses because the pulse width is largely expanded when
transmitted in the fiber due to the dispersion or nonlinearity
of glasses. Therefore, a beam delivery system comprising
mirrors and rigid tubes has been the only choice for this
purpose.
A straight glass capillary having a perfectly round cross
section has been sometimes employed for spectral broaden-
ing, short pulse generation, and nonlinear optics.1–6 The
glass capillary is not, however, appropriate for flexible deliv-
ery medium since the transmission losses are high specially
when the capillary is bent. Bending of tube induces high
leaky loss because the refractive index is lower in the core
region than the cladding and thus, total reflection is not ob-
tained at the core-clad boundary.
In this article, as a flexible delivery medium of femto-
second pulses, we propose a hollow glass fiber having a
metal film on the inside of the capillary. The fiber also has a
dielectric, inner cover layer which enhances reflection at the
inner surface of fiber when the coating thickness is properly
designed. This type of hollow fiber has been originally de-
veloped for the power delivery of midinfrared lasers.7 In this
fiber, a low-cost, silica capillary tube is employed as a base
material. A silver film deposited by a conventional mirror-
plating technique is used as a inner metal layer and as a
dielectric coating, a cyclic olefin polymer ~COP! film is
formed by the liquid phase deposition method.8
Optical pulses of a Ti:sapphire laser with a pulse energy
of 700 mJ, a wavelength of 775 nm, and a repetition rate of
1 kHz are launched into the bore of hollow fibers by focusing
the beam with a SiO2 lens with a focal length of 300 mm.
The pulse width of the laser source was 196 fs which is
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fibers is 0.7 and 1.0 mm and the length was 1 m. The fiber
has inner coating of silver and COP films. The thickness of
the COP is 0.10 mm which gives the minimum loss at the
wavelength of 775 nm. The beam is linearly polarized and, in
measurement of bending losses, a l/2 wave plate was in-
serted between the laser source and the lens to obtain two
different polarizations which are horizontal and perpendicu-
lar to the bending plane of the fiber. In the bending test, the
fibers were bent 90° with a bending radius of 500 mm.
Table I shows measured losses of the fibers and pulse
widths of the output beam. In the 1 mm bore fiber, the
straight loss was as low as 0.13 dB. The leaky loss increases
by bending and it is larger in horizontal polarization because
lossy TM modes become more dominant. Although the losses
in the smaller bore fiber with an inner diameter of 0.7 mm
are higher as expected from theory,9 they are still reasonably
low even when the fibers are bent. In all the tests employing
input laser pulses with an energy of 700 mJ and a repetition
rate of 1 kHz, no damage was found in the fiber.
The pulse broadening effect in hollow fibers is mainly
caused by modal dispersion since hollow fibers support a
highly multimoded beam. This is highly significant in low-
loss hollow fibers with a metal and dielectric coating because
the high reflection coating reduces transmission losses of
higher order modes as well as lower order ones.
Figure 1~a! shows an output beam profile of a straight
hollow fiber with an inner diameter of 1 mm observed by a
charge coupled device camera at the distance of 200 mm
from the output end of the fiber. The beam is composed of a
number of small and sharp energy peaks which are resulted
from excitation high-order modes. Figure 1~b! shows a beam
profile from the fiber sharply bent at 90° with a bending
radius of around 100 mm. The annular beam shape is due to
the interference of high-order modes and this is sensitively
varied by changing the fiber condition. The beam divergence
angle is around 70 mrad in full angle for both of the straight
and the bent fibers. The energy density is higher than 2 J/cm2
at the output end of the straight fiber which is higher than the© 2002 American Institute of Physics
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In the hollow fiber with a core radius of 2T which is
much larger than the wavelength l of transmitted light, the
group delay t of the mode having the propagation constant b
is
t5
n0k0
b
1
c
, ~1!
FIG. 1. Output beam profile from ~a! a straight and ~b! a bent hollow fiber
with inner diameters of 1 mm observed at the distance of 200 mm from the
output end of the fiber. The bending radius and bent angle are 100 mm and
90°, respectively.
TABLE I. Measured losses of hollow fibers and pulse widths of the output
beam.
Fiber Size Straight
Bent R5500 mm
Horizontal Perpendicular
ID51 mm Loss~dB! 0.13 0.96 0.86
Pulse width ~fs! 213 374 284
ID50.7 mm Loss~dB! 0.74 1.6 0.83
Pulse width ~fs! 252 268 272Downloaded 12 Mar 2010 to 130.34.135.83. Redistribution subject towhere n0(;1) is refractive index of air and k0 is the wave
number in vacuum. Since the propagation constant b is ex-
pressed as
b5A~n0k0!22S uT D
2
, ~2!
the normalized transverse phase constant u of the transmitted
mode is derived as
u5n0k0TA12 1t2c2. ~3!
Table II shows the maximum u in each cases which are
estimated by assuming that the pulse broadening width cor-
responds to difference in the group delay t between the high-
est order mode transmitted in the fiber and the lowest order
mode having u of 2.405.
For the 1 mm bore fiber, u513 of the straight fiber cor-
responds to the 20th order mode in LP modes and u542 of
the bent fiber is higher than 100th order. On the other hand,
for the fiber with a smaller diameter of 0.7 mm, the number
of transmitted modes increases from 35 (u516) to 50 (u
520) by the bending. This coincides to reported results
showing that effect of fiber bending on the mode mixing is
smaller in the fiber with a small bore sizes.10 One of the
reasons why such a large number of high order modes are
excited in the fiber is the coupling condition between the
laser beam and the fiber.
We reported the results on delivery of femtosecond
pulses by using flexible hollow fibers. It was shown that the
hollow fibers deliver pulses of 700 mJ energy and a repeti-
tion rate of 1 kHz with no damage on the fiber. In the fiber
with an inner diameter of 1 mm, the transmission loss is as
low as 0.13 dB and the pulse broadening after transmission
in 1 m long fiber is 17 fs. It is also shown that the numbers
of transmitted modes in the fiber are estimated from the
pulse broadening width. We believe that the flexible fiber is
useful in a variety of applications of femtosecond pulses in
the both of industrial and medical fields.
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